Present and Past Dust Cycle Modeling
In modern climate, uncertainties concerning dust emissions are high [Huneeus et al., 2011] , but the geographical distribution of the main sources is well known. For past or future climates the uncertainties are even higher, due to potential changes in dust sources which up-to-date models are not able to simulate accurately. This may be a consequence of model biases in simulating precipitation or vegetation cover (resulting in a soil that is too wet or covered with too much snow or vegetation) [Mahowald et al., 2006; Werner et al., 2002] , or of an inadequate representation of the inhibiting effect of these variables on dust emissions. The limited spatial resolution of numerical experiments, which in the case of Europe, does not incorporate the complexity of the topography, may also play a role. To correct for these model features, a general circulation model (GCM) study [Mahowald et al., 2006] was proposed introducing glaciogenic sources in six regions of the world (five of which are in the Northern Hemisphere). The glaciogenic source areas correspond to the extensive moraine systems bordering the Northern Hemisphere ice sheets and ice caps, which contributed to global dust emissions in addition to present-day deserts and other barren midlatitude regions. In Mahowald et al. [2006] , large areas of alluvial plains where rivers drained meltwater from ice sheets (outwash plains) and mountain glaciers were also included as sources containing dust of glaciogenic origin. Introducing glaciogenic sources increased the simulated dust deposition fluxes for the Last Glacial Maximum (at about 21 ka, during sea level lowstand) from 2 to more than 3 times the current values, thus improving the agreement between model and field data. In particular, continental records show huge loess accumulation rates, especially between approximately 40 ka and 18 ka.
• We identify the main aerosol sources for different depositional areas • The main contributors were regions between 48 and 52°N, with variable hot spots • Dust was transported at low elevation and over regional distances only
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• Readme • Figure S1 • Figure S2 • Figure S3 • Figure S4 • Table S1 Correspondence to: the Northern Hemisphere ice sheets , while another demonstrated the necessity of correctly accounting for variations in the dust source areas and dust emissions for realistically reproducing the spatial and temporal variability of dust deposition over the last 440 ka [Bauer and Ganopolski, 2010] .
These studies highlight the importance of accounting for various glaciogenic sources in paleodust simulations. However, the contribution of these sources to deposition of glacial dust could be overestimated in some regions at the expense of nonglaciogenic sources. In Europe, nonglaciogenic areas would have been subject to strong eolian erosion during glacial times, due to reduced vegetation cover and/or a lower sea level, which exposed part of the continental shelf and thus extended the terrestrial landscape west of the present-day continent. Europe is one of the regions where models largely underestimate or even completely miss nonglaciogenic dust sources [Mahowald et al., 1999; Takemura et al., 2009; Werner et al., 2002] , and glaciogenic sources are required to totally compensate for their absence [Mahowald et al., 2006] .
Here we combine geochemical analyses on dust deposits and results from numerical dust emission simulations for Europe in order to identify dust sources and constraints on dust transport in the atmosphere in this area, as a contribution to understanding subcontinental-scale climate changes.
Data and Methods

European Paleodust Deposits
The thickest European loess (paleodust) sequences Rousseau et al., 2011 Rousseau et al., , 2007a ] are located at 50°N latitude. They record the abrupt temperature increases in the North Atlantic area referred to as Dansgaard-Oeschger Events (DOE), identified in Greenland and North Atlantic records [Bond et al., 1992; Johnsen et al., 2001] . In these loess sequences, warm periods called Greenland interstadials (GIS) associated with DOEs corresponded to short intervals of extremely reduced dust deposition permitting soil development. The degree of soil development depends on both the duration and intensity of the corresponding GIS: from embryonic Arctic (gelic gley soils) soils for the shortest (<1 ka) to mature Arctic to boreal brown soils for the longest [Rousseau et al., 2007b [Rousseau et al., , 2011 . In contrast, high-deposition rates and a coarser-grain size distribution characterize the sediments deposited during the cold North Atlantic phases of the Greenland Stadials (GS) including the Last Glacial Maximum (LGM) Rousseau et al., 2007b] . This alternating strong-weak deposition pattern for marine isotope stages 3 and 2 was identified along a 2000 km West-East transect from Brittany in Northern France to the Dnieper Valley in Ukraine (see Figure 1 and Rousseau et al. [2011] ). A general coarsening trend in the grain size from 40 ka to LGM was also observed in loess records over the same transect Rousseau et al., 2011] identifying the LGM as the key period for understanding increased dust emission, transport, and deposition under glacial conditions compared to present day. In addition, it was demonstrated that loess accumulation during this time span resulted from the succession of very intense dust storms (NW winds) leading to coarser loess deposition events Rousseau et al., 2007b] . Such storms were favored by the atmospheric circulation changes associated with (and mainly due to) the Northern Hemisphere ice sheets reaching their (Last Glacial) maximum size [Pausata et al., 2011] .
Bulk LGM loess samples were analyzed from reference sequences located along the 50°N transect, chosen to represent the geographic and petrographic variability ( Figure 1 and Figure S1 ). The sample suite was complemented with same age sediment from the English Channel and from a loess sequence in Surduk (Serbia, 45°4′N, 20°20′E) . Further samples aged between 34 ka and 18 ka [Rousseau et al., 2007b] from the Nussloch reference sequence in the Rhine Valley [Antoine et al., 2001 Rousseau et al., 2007a Rousseau et al., , 2011 were included to evaluate temporal changes in source area.
Isotopic Analysis
Samples were crushed in an agate mortar and trace element concentrations as well as Sr and Pb isotopes were measured following Chauvel et al. [2011] . Reproducibility for trace element analyses is better than 5% (based on repeat measurements; see Table S1 ), and the accuracy is also better than 5%, based on the analyses of international rock standards (JSD2, G2, RGM1, and BR24; see Table S1 ). Lead and strontium were analyzed after dissolution of the powder and without leaching procedure. Blanks run in parallel with the samples during the course of this work were less than 80 pg of Pb and 250 pg of Sr for the entire chemical separation procedure. These amounts are negligible relative to the amount of Pb and Sr present in the beakers after
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isolation of pure Pb and Sr (typically, 600 ng of Pb and 4 μg of Sr). Lead isotopic compositions were measured at ENS Lyon using the Nu MultiCollector-Inducted Coupled Plasma -Mass Spectrometer (MC-ICP-MS) and Tl addition technique [Chauvel et al., 2011] together with standard bracketing using the standard NBS 981 after every third sample, and the values recommended by Galer and Abouchami [1998] . Strontium isotope ratios were measured in static mode using a Triton TIMS in Brest during two different sessions in 2011 and 2012.
To prevent any bias associated with a difference in 87 Sr/ 86 Sr measured on the NBS987 (0.710249 ± 5 and 0.710270 ± 2), all isotopic compositions have been normalized to a ratio of 0.710260 for NBS987.
Modeling
The numerical results used here are thoroughly presented and discussed in Sima et al. [2009 Sima et al. [ , 2013 . The simulations were performed with the LMDZ (atmosphere) [Hourdin et al., 2006] -ORCHIDEE (land surface and vegetation) [Krinner et al., 2005] configuration of the Institut Pierre-Simon Laplace (IPSL) Earth System model [Marti et al., 2010] , and dust emission fluxes were calculated offline using the simulated meteorological and surface conditions. Sea surface temperatures were prescribed, as well as the ice sheet elevation and extent. A stretched grid was used, with finer resolution over Europe (down to 60 km on Western Europe). The simulations were designed to investigate the climate and dust emission differences between a reference glacial cold state ("GS" for "Greenland stadial") and a warm perturbation ("GIS" for "Greenland interstadial"). The average surface air temperature in the GS experiment shows strong latitudinal gradients due to the presence of the Eurasian ice sheet and the Alpine ice cap ( Figure S4a ). The longitudinal temperature gradient is less pronounced [Sima et al., 2009] . The annual precipitation, in contrast, shows a longitudinal gradient ( Figure S4b ) corresponding to the influence of the simulated westerlies [Sima et al., 2009 ( Figure S4c ). Such patterns are consistent with observations from loess sequences along the 50°N transect Hatté et al., 2013; Rousseau et al., 2007b Rousseau et al., , 2011 . All loess sequences exhibit a temporal pattern of alternating paleosols and loess units, the characteristics of each paleosol depending on the longitudinal location [Rousseau et al., 2011] . The precipitation/moisture gradient across the European loess belt, with moist conditions in the West, and dryer, more continental conditions toward the East, is also supported by other field observations including polygonal ice wedge networks in Western Europe [Bertran et al., 2013] , the photosynthetic gradient in the vegetation inferred from stable C isotopes , and evidence from malacofaunas [Rousseau et al., 1990] . The simulated average wind field over Europe shows a westerly flow that can be correlated with the gradients in deposition rate previously mentioned. During stadial conditions, the highest values (>10 m/s) are observed over Western and Central Europe 
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(west of 16°East; Figure S4c ), while interstadial conditions are characterized by lower wind speeds ( Figures S4d-S4f ).
Tracing Paleodust Sources
Trace element concentrations measured for all samples are listed in Table S1 in the supporting information.
The samples have relatively uniform trace element patterns ( Figure S2 ) similar to average values for the upper continental crust ( Figure S2 ). As with other periglacial loess samples [Barth et al., 2000; Chauvel et al., 2014; Rudnick and Gao, 2003; Taylor et al., 1983] , positive Zr-Hf anomalies are observed due to an excess of zircon indicative of short-distance transport ( Figure S2 ). Lead and strontium isotopic compositions are also listed in Table S1 in the supporting information and shown in Figures S3a-S3c in the supporting information. Sr isotopic compositions of the Western European loess samples form a separate cluster with a slope corresponding to an age of about 365 Ma, while the slopes defined by the other samples correspond to ≈ 295 Ma or 485 Ma ( Figure S3a ). All ages are consistent with the Hercynian to Moldanubian ages of the last orogeny in Northern and Western Europe [Matte, 2001; von Raumer et al., 2003 ] ( Figure S1 ), but each cluster differs significantly from the others. The initial ratios of each of the three groups also differ, indicating different sediment sources. Pb isotope ages are much older due to the stronger impact of recycled crustal material on this isotopic system: Western European loess samples define an age of ≈ 1 Ga, while age clusters for loess from Nussloch and Eastern Germany are significantly older ( Figure S3b) The trace element data as well as the Sr and Pb isotopic data demonstrate that the sources of the loess/paleodust deposits are proximal and different for each geographical region. Had the main source of dust been located far from the deposition area, only the finer and lighter particles would be transported over long distances and heavy minerals such as zircon would be underrepresented [Chauvel et al., 2014] . Long distance transport also mixes dust from different source regions, and the isotopic variability observed would not be preserved. As shown in Figure S3 , differing model ages link loess samples to sources in Western Europe, the Rhine Valley, East Germany, western Ukraine, and Serbia ( Figure S1 ) that are located less than a few hundred kilometers from deposition areas. The numerical experiments performed with the IPSL climate model for European glacial episodes (see section 2.3) support these findings. The simulations were designed for an earlier period than the LGM, at the beginning of the main European loess deposition period (at about 40 ka), when the Fennoscandian ice sheet margin was north of 54°N [Lambeck et al., 2010] . They show dust emissions mainly occurring in the latitudinal band 48 to 53°N (see Figure 2 and supporting information) [Sima et al., 2009 . The simulated sources are nonglaciogenic: they correspond to eolian erosion occurring where strong winds meet reduced soil moisture and vegetation cover, and are thus strongly seasonal in nature. In the GS experiment, designed to represent a Greenland stadial environment, with high dust deposition rates Rousseau et al., 2007b Rousseau et al., , 2011 , large areas of the present North Sea and English Channel, that emerged between 60 ka and 18 ka ago [Siddall et al., 2008] , acted as effective deflation areas (Figures 1 and 2a) . Relatively high emission fluxes are also calculated for the European northern plain (Figure 2a ). In contrast, the simulated dust emissions are significantly lower in the corresponding "interstadial" experiment GIS (Figure 2b ). This is in agreement with the various observed soils developed on top of individual loess/paleodust deposits during the relatively warm interstadial periods. After 40 ka, the northern limit of the latitudinal band potentially exposed to deflation would have varied with the phases of advance and retreat of the Eurasian ice sheet southern margin [Svendsen et al., 2004] . During the LGM, deflation would be confined between the Eurasian ice sheet at its maximum extent and the high relief of the Alps ice cap and the Carpathians (Figure 1 ).
Eolian erosion may produce a wide range of particle sizes that are transported for distances that depend mainly on the particle's size, weight, and shape, and the wind strength. In the few European sequences for which grain size resolved mass distributions are available for the period of interest, there are 22-25% of clay (<2 μm), 15-30% of fine silt (2-20 μm), 40-50% of coarse silt (20-50 μm), and 7-10% of sand (>50 μm) [Antoine et al., 1999 [Antoine et al., , 2001 Rousseau et al., 2011] . The coarsest material (coarse silt and sand) is mainly derived from local sources within tens of kilometers transport distances, a feature consistent with Pye [1987] . Some of the thickest aeolian deposits are located along rivers such as the Rhine, Danube, and
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Rhône, which at the time were wide periglacial braided river systems regularly supplying sediment during snow and ice melting periods and acting as deflation areas when river flow was largely diminished or absent [Rousseau et al., 2007a] . In addition, the occurrence in LGM loess deposits of coarse sand particles derived from Tertiary bedrock [Antoine et al., 2003] , braided alluvial plains , or chalk grains (2-4 mm) reworked from limestone bedrocks [Antoine et al., 1999] , demonstrates the importance of extremely local deflation processes (e.g., a few hundred meters). For the size range below 2 μm, numerical simulations for the LGM [Mahowald et al., 2006] suggest that such fine particles originating from Pb; errors on measurements are smaller than the symbols. Samples from Western Europe, Nussloch, and Eastern Germany define distinct groups that can easily be distinguished. For each geographical group linear regressions are shown. The sample originating from the English Channel plots well within the Western Europe loess deposits. Also shown are isotope ratios for loess deposits from Eastern Europe. 
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Europe were transported over thousands of kilometers, to northern Asia and Greenland [Mahowald et al., 2011] , although no traces of European dust have yet been reported in Greenland ice cores [Svensson et al., 2000] . For the medium-size (silt) particles (2-50 μm) the transport distances must have been intermediate between tens and thousands of kilometers. The isotopic analyses presented here help to better constrain this transport range for the LGM in Europe. We note that most numerical transport and deposition models (including that employed by Mahowald et al. [2006 Mahowald et al. [ , 2011 ) only deal with particles generally below 10 μm diameter [Huneeus et al., 2011] , which have an atmospheric residence time long enough to play a nonnegligible role in the aerosol-climate feedbacks. However, coarser particles which contribute considerably more to the loess mass should be taken into account in future studies for a more meaningful comparison to loess data.
Regional Origin of European Paleodust and the Global Challenge
The bulk sediments on which our analyses have been performed were composed of at least 75% (in mass) of particles >2 μm. These particles therefore must originate from regional sources within hundreds of kilometers. This implies transport at relatively low elevations, probably in the atmospheric boundary layer typically between 300 and 1000 m, as observed in present-day major dust storms. Our analyses also provide strong constraints on the origin of the finest particles that represent the other about 25% of the sediment mass. If they were transported over long distances, they would be well mixed and all loess deposits would share a common component and the clusters defined by each geographical location would overlap at the composition of the common end-member. This is clearly not the case here as shown in Figures 3 and S3a-S3c in the supporting information, instead clusters are essentially subparallel. The isotopic data preclude that the fine particles are derived from a well-mixed atmospheric reservoir and show that they originate from essentially the same source as the larger particles. A small, insignificant contribution from remote sources like North Africa [Mahowald et al., 2011] , however, cannot be excluded. Considering the temporal variability, the data also show that the source of dust deposited in the Rhine Valley remained unchanged between 34 and 18 ka (Figure 3) .
We are thus able to show that European loess deposits are the cumulative result of past dust storms (Figure 4 ) that incorporated dust over local to regional distances. This is similar to loess deposits from the U.S. Great Plains and China, for which provenance data also indicate relatively short-distance transport of hundreds of kilometers Muhs et al., 2008; Stevens et al., 2013] . In Europe, the most important deposits, located around 50°N, originate from distinct source areas in a corridor between the Eurasian ice sheet and the high relief of the Alps ice cap and the Carpathians. The main dust transport occurred in the atmospheric boundary layer and over short time periods only, in agreement with the conceptual model [ Antoine et al., 2009] linking loess deposition events to the development of individual dust storms over Western Europe (Figure 4) . Further modeling results might show if dust emission events were spatially and temporarily distinct, as in China in 2001 (case adapted in Figure 4 ), or if they occurred simultaneously across larger regions, as in Australia in 2009. Earth surface conditions during glacial times certainly allowed for both types of events. However, no available data allow yet verifying this type of result.
Conclusion
For the European loess deposits located between 48°N and 52°N, the main dust contributors were in the same latitudinal band, with variable hot spots depending on climate conditions. Dust was transported at low elevation and over regional distances only. New challenges will be to acquire more detailed geochemical data allowing to trace the origin of the different size fractions for the European loess deposits and to extend this type of analyses to other loess deposits worldwide. We will then be able to better constrain the provenance of eolian dust globally. This will contribute to represent the dust sources in future numerical simulations of the dust cycle more adequately. Taking into account as accurately as possible the changes of the Earth surface during glacial climates, such as the exposure of shelf areas due to sea level lowering, the evolution of outwash plain morphology, zonal shifts in vegetation with extensive areas of tundra and bare soil, and seasonal variations in vegetation and soil moisture, will be the key.
Finally, the results presented here for Europe might be used as a benchmark to test atmospheric models. They open up a more precise quantification of dust impact (i) on total radiative forcing of the atmosphere, which has long been impeded by the unconstrained atmospheric residence times of dust [Boucher et al., 2013] , (ii) on ice sheet development, and (iii) continental albedos during the last climate cycle. Improving models of the mineral aerosol cycle on the basis of well constrained geochemical data from reference series is a necessary prerequisite to apprehend the dust impact on past climates, reduce model uncertainties, and improve present and future model predictions.
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